The Structure of Bovine Viral Diarrhea Virus RNA-Dependent RNA Polymerase and Its Amino-Terminal Domain  by Choi, Kyung H. et al.
Structure 14, 1107–1113, July 2006 ª2006 Elsevier Ltd All rights reserved DOI 10.1016/j.str.2006.05.020The Structure of Bovine Viral Diarrhea
Virus RNA-Dependent RNA Polymerase
and Its Amino-Terminal DomainKyung H. Choi,1 Andreas Gallei,2 Paul Becher,2
and Michael G. Rossmann1,*
1Department of Biological Sciences
Purdue University
915 West State Street
West Lafayette, Indiana 47907
2 Institut fu¨r Virologie
FB Veterinaermedizin
Justus-Liebig-Universita¨t
D-35392, Giessen
Germany
Summary
Viral RNA-dependent RNA polymerases (RdRp) differ
from DNA-dependent RNA polymerases, DNA-depen-
dent DNA polymerases, and reverse transcriptases in
that RdRps contain ‘‘fingertips’’ consisting of several
polypeptide strands in the fingers domain interacting
with the thumb domain. The crystal structure of bovine
viral diarrhea virus (BVDV) RdRp containing an Asn438
duplication shows that the ‘‘N-terminal domain,’’ which
occurs only in pestiviruses such as BVDV, interacts
with the polymerase component of the same polypep-
tide chain. This contrasts with the domain swapping
observed in the previously determined structure of
the BVDV NADL strain RdRp. By comparison with the
NADL structure and through the use of biochemical
data, it is possible that the N-terminal domain, in con-
junction with the fingertips, is required to bind and
assist the translocation of the RNA template. The par-
tial disorder of the loop containing the additional
Asn438 residue may explain the low replication rate
of the recombinant compared with the wild-type virus.
Introduction
Virus encoded RNA-dependent RNA polymerase (RdRp)
is responsible for viral genome replication in positive-
stranded RNA viruses and is characterized by the Gly-
Asp-Asp (GDD) motif in the sequence (motif VI in RdRps)
(Koonin, 1991). The two aspartic acids in the GDD motif
coordinate metal ions, which catalyze the addition of
NTP to the nascent polynucleotide chain. The crystal
structures of RdRp from hepatitis C virus (HCV; hepaci-
virus) (Ago et al., 1999; Bressanelli et al., 1999; Lesburg
et al., 1999) and bovine viral diarrhea virus (BVDV) strain
NADL (pestivirus) (Choi et al., 2004a) within Flaviviridae,
as well as from poliovirus (Hansen et al., 1997), calicivi-
rus (Ng et al., 2002), foot-and-mouth disease virus (Fer-
rer-Orta et al., 2004), and the dsRNA virus f6 (Butcher
et al., 2001), have been determined. The RdRp struc-
tures resemble a right hand composed of the fingers,
palm, and thumb domains as in other classes of poly-
merases, such as DNA-dependent RNA polymerase,
DNA-dependent DNA polymerase (Klenow fragment),
*Correspondence: mr@purdue.eduand RNA-dependent DNA polymerase (reverse tran-
scriptase). However, the fingers and the thumb domains
vary significantly between different classes of polymer-
ases. A unique feature of the RdRp structures are the
‘‘fingertips,’’ which consist of several strands of poly-
peptide chain connecting the fingers and the thumb
domains (Bressanelli et al., 1999). This connection re-
stricts the large movement that these domains exhibited
in other classes of polymerases. The fingertips contain
RdRp polymerase motif I and II, which have been pro-
posed from sequences of positive-strand RNA viruses
(Koonin, 1991) to bind the RNA template and the NTPs
(Butcher et al., 2001; Ferrer-Orta et al., 2004; O’Farrell
et al., 2003).
Flaviviridae is a family of positive-sense, single-
stranded RNA viruses that consists of three genera:
hepacivirus (e.g., HCV), pestivirus (e.g., BVDV), and flavi-
virus (e.g., dengue, yellow fever, and West Nile viruses).
All of these viruses are important human and animal
pathogens. Pestiviruses are closer to hepaciviruses in
genome sequence and translation strategy than to flavi-
viruses. The w12 kb genome of pestiviruses is trans-
lated into a polyprotein (NH2-Npro-C-Erns-E1-E2-P7-
NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH) and then
processed into individual proteins by cellular and viral
proteases (Lindenbach and Rice, 2001). Structural pro-
teins, such as capsid protein C and envelope glycopro-
teins Erns, E1, and E2, assemble into a virus shell,
whereas nonstructural (NS) proteins NS2, NS3, NS4A,
NS4B, NS5A, and NS5B are involved in the viral RNA
replication. Among the NS proteins, the functions of
NS3, NS4A, and NS5B have been characterized. NS3 is
a viral helicase and protease that requires NS4A as a co-
factor, whereas NS5B is an RdRp. The viral replication of
Flaviviridae viruses is carried out by a large membrane
bound replication complex composed of viral RNA, viral
polymerases, and other viral and cellular proteins. The
function of the replication complex is to synthesize
a negative-strand from a positive-strand RNA genome,
resulting in dsRNA intermediates from which numerous
positive strands are produced for progeny viruses.
Comparison of BVDV polymerase with other RdRps
indicates that BVDV RdRp possesses an additional
N-terminal domain of 130 amino acids. The sequence
of the N-terminal domain, which has no detectable se-
quence similarity to other viral proteins, is unique to
pestiviruses. The function of the N-terminal domain is
presently unknown.
A series of eleven recombinants of BVDV CP7, gener-
ated by in vitro RNA recombination (Gallei et al., 2004),
were able to replicate, indicating that the resulting CP7
polymerases are all active. They all have insertions or,
in one case, a six-codon deletion in the RNA sequence
of the NS5B polymerase. The insertions are duplications
of sequences that range from 1 to 45 codons, which
would result in alterations in the catalytic palm domain
of the NS5B polymerase. Here, we report a 2.6 A˚ X-ray
crystal structure of CP7-R12, one of the eleven BVDV
CP7 polymerase recombinants mentioned above. This
polymerase has a single amino acid duplication of
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terminal domain compared to the previously reported
BVDV polymerase, indicating a rearrangement of the fin-
gertips and a role of this domain in the translocation of
the template during catalysis. In addition, duplication
of Asn438 has produced structural changes in the vicin-
ity of the GDD motif, which accounts for the low replica-
tion activity of the mutant polymerase in vivo.
Results and Discussion
Overall Structure of BVDV CP7-R12 Polymerase
A construct of CP7-R12 polymerase was made that was
limited to residues 78 to 679, but included the Asn438
duplication. The residues 78 to 679 were chosen to facil-
itate crystallization based on the previous structure
determination of the wild-type polymerase (Choi et al.,
2004b). The structure of CP7-R12 RdRp was determined
to 2.6 A˚ resolution with R and Rfree values of 23.1% and
25.9%, respectively (Table 1). The final model comprises
559 of the 602 protein residues and 58 water molecules.
The first 14 amino acids (residues 78–91), residues 125–
132, 157–159, 266–283, and 531–536 were not observed
in the electron density map. A Ramachandran plot cal-
culated with PROCHECK (Laskowski et al., 1993) shows
that 86% of the residues are in the most favored region
and 14% are in the allowed region. There are no residues
in either the generously allowed or disallowed regions.
The overall structure of the CP7-R12 BVDV polymer-
ase domain and that of the previously determined
NADL polymerase can be superimposed with an rms
difference of 1.25 A˚, excluding the N-terminal residues
92–124 (Figure 1). However, the individual domains
have greater similarity, with rms deviations of 0.6, 0.97,
and 0.7 A˚ for the fingers, palm, and thumb domains, re-
spectively, which is because the fingers and thumb do-
mains are closer to each other in the NADL than in the
CP7-R12 structure. The major structural changes be-
tween these structures are (1) domain-swapping of the
N-terminal domain and the disorder of the linker region,
(2) disorder in the fingertip region, and (3) distortions of
a helix a15 due to the Asn438 duplication and a loop
formed by residues 478 to 483 in the palm domain.
N- Terminal Domain Structure
The N-terminal domain (residues 1–133) of pestivirus
polymerase (NS5B) is unique within the Flaviviridae fam-
ily. Hepacivirus polymerase (NS5B) does not contain an
additional N-terminal domain, whereas the polymerase
(NS5) of the flavivirus genus has a methyltransferase
domain at its N terminus. The BVDV construct used in
this study contains residues from 78 to 133 of the N-ter-
minal domain, but density for residues 78–91 and 125–
132 is not observed. The remainder of the N-terminal do-
main, residues 92–124, folds into a helix-strand-strand
(Na1-Nb1-Nb2) structure and interacts with the fingers
domain within a monomer. The b strands Nb1 and Nb2
form an extension of the b sheet region of the fingers
domain (Figure 2). Together, the structure resembles a
mixed b sheet with a helices on both sides of the b sheet.
The interaction between the N-terminal domain and the
fingers domain is rather extensive, utilizing both hydro-
phobic and electrostatic interactions (Table 2). A total
of 13 of 33 residues are involved in this interaction.The core part of the interaction is mostly hydrophobic,
and the edge of the interaction is electrostatic.
The polypeptide between residue 124 in the amino-
terminal domain and residue 133 is disordered in the
present CP7-R12 structure. Thus, there is some uncer-
tainty as to which molecule is connected to the amino-
terminal domain in the crystal structure. Indeed, in the
previously determined BVDV-NADL polymerase, the he-
lix-strand-strand structure (residues 92–124) of one mol-
ecule interacts with the fingers domain of another, 2-fold
related molecule in the crystal (Figure 1B). However, in
the present structure, the intramolecular interaction in
the CP7-R12 structure produces a distance of 24 A˚ be-
tween residues 124 and 133, short enough for the con-
necting polypeptide of eight missing residues. All other
connections in the crystal structure would be too long.
Thus, in the NADL structure, the N-terminal domain
interacts with the fingers domain from a neighboring
polypeptide, whereas in the CP7-R12 structure, the N-
terminal domain interacts with the fingers domain from
the same polypeptide. There is only 0.72 A˚ difference
when comparing the NADL and CP7-R12 structures by
the superimposition of 67 residues belonging to the N-
terminal domain and the surrounding residues from the
fingers domain. Thus, the structural difference between
the two strains represents a form of 3D domain swap-
ping (Bennett et al., 1994) and is not due to the Asn438
duplication in CP7-R12 (see below). Although this might
imply that the active form of the BVDV-NADL polymer-
ase is dimeric, that does not seem to be the case as
the template binding site is blocked in the dimeric, do-
main-swapped structure. Furthermore, the RdRps of
both strains are monomeric in solution as found by gel
filtration and dynamic light scattering (data not shown).
The role of the N-terminal domain in BVDV polymerase
has not been established. Truncation of up to 90 amino
acids from the N terminus does not reduce the
Table 1. BVDV CP7-R12 Polymerase Data Collection and
Refinement Statistics
Data Processing
Space group P31
Cell dimensions, A˚ a = 106.30, c = 55.54
Resolution, A˚ 50–2.6
Number of reflections
Observed 528,817
Unique 21,373
Completeness, percenta 99.8 (99.6)
Mean I/s 14.3 (2.5)
Rmerge, percent
b 11.9 (38.7)
Refinement
Rcryst, percent
c 23.1
Rfree, percent
d 25.9
No. of protein atoms 4,393
Average B factor 41.5
Rms Deviations from Ideal
Bond length, A˚ 0.00866
Bond angle, º 1.52
a The numbers in parentheses refer to the highest resolution shell.
b Rmerge = ShkljI(hkl) 2 <I(hkl)>j/ S (I(hkl)).
c Rcryst = SjFo(hkl) 2 Fc(hkl)j/SjFo(hkl)j.
d Rfree = Rcryst, calculated for 10% randomly selected reflections that
are not included in the refinement.
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(A) Stereoview of the structure of CP7–R12 polymerase. The N-terminal, fingers, palm, and the thumb domains are colored yellow, blue, green,
and red, respectively. The assignment of secondary structure elements is adapted from BVDV-NADL strain, although some of the secondary
structure elements are missing due to disorder.
(B) The crystallographic dimer structure of the NADL strain polymerase viewed down the 2-fold symmetry axis. For clarity, one polymerase mol-
ecule is colored as in (A), and the other in gray.polymerase activity (Lai et al., 1999). However, addi-
tional deletions of a further 17 or more amino acids
(resulting in the total deletion of 106 residues or 117 res-
idues, respectively) caused 90% loss of the full-length
polymerase activity (Lai et al., 1999), suggesting that
residues 91–106 of the N-terminal domain may be in-
volved in the polymerase reaction. The purified BVDVpolymerase can initiate RNA synthesis via both primer-
dependent and primer-independent (de novo) mecha-
nisms. The effects of deleting residues 1–117 in the
N-terminal domain are similar for both elongative
(primer-dependent) and de novo RNA synthesis (Lai
et al., 1999). Thus, the N-terminal residues are involved
in a step common to both modes of synthesis, implyingFigure 2. N-Terminal Domain of BVDV CP7-R12 RdRp
(A) The N-terminal domain and its interaction with the fingers domain. The domains are colored as in Figure 1.
(B) Stereoview of residues involved in the domain interface. Residues from the N-terminal domain and the fingers domain are shown in yellow and
blue, respectively. For clarity, some of the residues are omitted.
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N-Terminal Domain Fingers Domain Type of Interaction
Arg94 N Glu386 OE2 H bond
NH1, NH2 Asp382 OD1 H bond
Asn97 ND2 Glu386 OE1 H bond
Trp99 Side chain Arg255, Tyr257, Leu225 Side chains Hydrophobic
Ile100 Side chain Ile390, Val396 Side chains Hydrophobic
Lys103 Side chain Leu225 Side chain Hydrophobic
Leu110 Side chain His166, Ile169 Side chains Hydrophobic
Lys113 N Asp174 OD1 H bond
Lys114 N OD2 H bond
Thr115 OG1 Asp174 OD2 H bond
Leu116 O Ile398 N Main chain
Pro118 Side chain Val396 Side chain Hydrophobic
Gly119 O Val396 N Main chain
Leu121 Side chain Val396, Ile390, Phe224 Side chains Hydrophobic
N Gly394 O Main chainthe deletions interfere with elongation rather than initia-
tion.
Structures of f6, HCV, and foot-and-mouth disease
virus RdRps (Butcher et al., 2001; O’Farrell et al., 2003;
Ferrer-Orta et al., 2004), which are complexed with a
template or template/NTP, show that the fingertip region
of the RdRp forms the entrance of the template binding
channel. Superposition of these polymerases with BVDV
CP7-R12 indicates that N-terminal domain would also
participate in template binding (Figure 3).
Conformational changes involving the interaction be-
tween the fingers and thumb domains have been sug-
gested to be a mechanism for the translocation of the
template in DNA-dependent RNA polymerases (Bar-Na-
hum et al., 2005; Guo and Sousa, 2006; Yin and Steitz,
2004). The interaction between the N-terminal domain
and the fingers domain causes BVDV CP7-R12 to be in
a more closed conformation than in the NADL strain, sug-
gesting alternating open and closed conformations of
the molecule. Hence, the N-terminal domain in conjunc-
tion with the fingertips may function to translocate the
template as the molecule alternates between the more
open and a more closed conformation. This is consistent
with the involvement of NTP in translocation since the
fingertips also form a NTP binding channel in RdRps.
In addition to participation in the polymerase reaction,
the N-terminal domain structure may be used to recruit
other polymerases into the replication complex. Using
its linker region between residues 124 and 132, the N-
terminal domain may be searching among surrounding
polymerase molecules for an opportunity to bind to thefingers domain, as in the structure of BVDV-NADL poly-
merase. Concentrating viral polymerases in the replica-
tion complex would be advantageous for more produc-
tive viral replication.
In other viral RdRp structures, such as HCV, poliovi-
rus, and Norwalk virus polymerases (Ago et al., 1999;
Bressanelli et al., 1999; Hansen et al., 1997; Lesburg
et al., 1999; Ng et al., 2004), there is no N-terminal do-
main, but nevertheless, the first N-terminal strand inter-
acts with the fingers domain forming an extension of
the b sheet (Figure 4). Removal of 19 residues from the
N terminus in HCV polymerase reduces the activity by
200-fold (Lohmann et al., 1997). The N terminus may
need to be anchored in the fingers domain to provide
stability during the movement of the fingertips.
Fingertip Region of BVDV Polymerase
The polymerase domain begins at residue 134 and ex-
tends to the C terminus. In addition to the well-character-
ized fingers, palm, and thumb domains, RdRps contain
the fingertip region, which connects the fingers domain
to the thumb domain via several b strands. Although in
the CP7-R12 polymerase structure the residues in the
fingertips that interact with the thumb domain are well
ordered, residues 157–159 and 266–283, which lead to
the contact area, are disordered, as are also residues
531–536 in the thumb domain located near the fingertips.
The fingertip region contains polymerase motifs I and II,
which are involved in RNA template and NTP binding
(Koonin, 1991; O’Farrell et al., 2003). Furthermore, muta-
tions of residues Lys141, Lys155, and Phe162 in theFigure 3. Superposition of CP7-R12 , BVDV
NADL Strain, HCV , and Foot-and- Mouth Dis-
ease Virus Polymerases
CP7-R12, BVDV NADL strain, HCV, and foot-
and-mouth disease virus polymerases are
shown in green, red, blue, and purple, re-
spectively. Only the fingertips and the thumb
domain are shown for clarity. Disordered res-
idues (residue 125 to 132) in the N-terminal
domain of CP7-R12 are depicted as dotted
lines. Two templates either complexed with
HCV (blue) or foot-and-mouth disease virus
(purple) polymerase are also shown as ball-
and-stick models.
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1111Figure 4. Interaction of the N Terminus with
the Fingers Domain in BVDV, HCV, Poliovirus,
and Norwalk Virus Polymerases
The N terminus is shown in yellow, and the
fingers domain is shown in blue.fingertip region in HCV polymerase, which correspond
to Lys163, Lys182, and Tyr188 in BVDV polymerase, re-
spectively, resulted in drastically reduced polymerase
activity (Cheney et al., 2002; Kim et al., 2005). Thus, the
fingertip region is important for the polymerase activity,
and it would seem likely that the flexibility of the fingertip
region is an intrinsic property of the polymerase, neces-
sary for binding and translocation of template during
elongation.
The Asn438 Duplication in the Palm Domain
Gallei et al. produced eleven BVDV recombinants by
using an RNA recombination cell culture system (Gallei
et al., 2004). Although all polymerases with these muta-
tions are able to replicate, CP7-R12 showed the lowest
replication activity among insertion mutants, each of
which contains 1–45 amino acids duplication in the
palm domain (A.G. and P.B., unpublished data). The
CP7-R12 virus produces very small viral plaques, and
the amount of viral genomic RNA accumulated by repli-
cation is onlyw5% of the wild-type virus (A.G. and P.B.,
unpublished data). It is not clear why CP7-R12 polymer-
ases are more affected than other CP7 polymerases
since it contains the smallest insertion.
The palm domain of the polymerases is the catalytic
domain and is the most conserved domain among dif-
ferent classes of polymerases. Mutations in the palm
domain may distort the arrangement of the catalytic res-
idues and thus might not be tolerated. Nevertheless, the
CP7-R12 polymerase contains an amino acid duplica-
tion at residue 438, which is located eight amino acids
prior to the essential GDD residues in motif VI. In the
BVDV-NADL polymerase structure, Asn438 is located
in the short helix a15 that interacts with residues in
b14, a4, and a14. Insertion of the additional Asn438 in
CP7-R12 transformed a helix a15 into a loop (residues
434–439) (Figure 5). However, this loop maintains similar
interactions with b14, a4, and a14, as had been ob-
served in the NADL structure (Figure 5). The ‘‘tempera-
ture’’ factors for residues 434 to 440 in CP7-R12 poly-merase (93.5 A˚) are higher than the corresponding
temperature factors in the NADL structure (38.7 A˚), indi-
cating instability in this loop. Not withstanding the inser-
tion of the extra Asn438, the NADL and CP7-R12 struc-
tures can be superimposed with an rms difference
between Ca atoms of only 0.75 A˚ for the 111 residues
in the essential eight motifs, indicating that the essential
catalytic residues are as in the wild-type molecule.
Therefore, it is possible that the decreased production
of RNA accomplished by the CP7-R12 virus is due to
the instability of the loop containing the additional
Asn438 leading to partially denatured polymerase mole-
cules or due to the disruption of the interaction with
other proteins in the replication complex. Another region
of conformational change occurs in a loop formed by
residues from 478 to 483. The loop is located near the
NTP channel and is exposed to solvent.
Mechanism of BVDV Inhibition
Several inhibitors of BVDV have been identified (Bagin-
ski et al., 2000; Paeshuyse et al., 2006; Sun et al.,
2003). Escape mutants of BVDV that are resistant to
inhibition by these compounds are also known. Interpre-
tation of these data in light of current structural informa-
tion suggests that they inhibit RNA synthesis in BVDV by
interfering with the ability of the fingers domain to inter-
act with either the N-terminal domain of the RdRp or with
other proteins in the replication complex. For instance,
the compound VP32947 (3-[([2-dipropylamino]ethyl)-
thio]-5H-1,2,4-triazino[5,6-]indol) blocks viral RNA syn-
thesis in BVDV in vivo (EC50 = w20 nM) and is also an
inhibitor of BVDV polymerase in vitro (IC50 = w700 nM)
(Baginski et al., 2000). BVDV mutant viruses resistant
to the drug had Ser substituted for Phe224 in the poly-
merase. Phe224 is located in a loop of the fingers do-
main and makes hydrophobic interactions with Leu225
and Ile390 in the fingers domain, as well as Leu121 in
the N-terminal domain of the same molecule as ob-
served here (Figure 2). Possibly, the aromatic indole
group in VP32947 might interact with Phe224,Figure 5. The Asn438 Duplication Site in the
Palm Domain
Residues surrounding Asn438 and Asn438B
(the duplicated Asn residue) are shown in
CP7-R12 (green) and NADL (brown) polymer-
ases. Asn448 and Asn449 from the GDD motif
(motif VI) are also shown for reference.
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the fingers domain that is necessary for catalysis.
Two other BVDV inhibitors, BPIP (Paeshuyse et al.,
2006) and compound 1453 (Sun et al., 2003), also inhibit
BVDV replication with an EC50 of w0.04 and 2.2 mM,
respectively. The BPIP-resistant virus possesses the
same Phe224 to Ser mutation as in the VP32947-resis-
tant virus, whereas the compound 1453-resistant virus
has a Glu291 to Gly mutation in the polymerase. Al-
though both compounds inhibit the activity of the repli-
cation complex, these two compounds, as opposed to
VP32947, do not inhibit BVDV polymerase. One mecha-
nism of inhibition by BPIP and compound 1453 may be
that their binding to the polymerase disrupts either the
stability of the replication complex or the protein-protein
interactions required for efficient RNA synthesis (Choi
et al., 2004a; Paeshuyse et al., 2006). Both Phe224 and
Glu291 are located on the same surface of the fingers
domain near the N-terminal domain binding site, which
is near the entrance of the template binding channel.
This surface would provide a good binding site for attach-
ment of other proteins in the replication complex and
possibly modulate binding of the template. For instance,
since viral genomic RNA is replicated via a double-
stranded RNA intermediate (Cleaves et al., 1981; Lin-
denbach and Rice, 2001), the helicase could bind on
the surface near the template binding channel of the poly-
merase and separate dsRNA strands to allow only the
template strand to enter the template binding channel.
HCV replication is not inhibited by VP32947 (Baginski
et al., 2000) or BPIP (Paeshuyse et al., 2006), possibly
because the loop in HCV polymerase, corresponding
to the loop containing Phe224 in BVDV polymerase, is
in a different conformation due to lack of the N-terminal
domain (Figure 6). Nevertheless, HCV can be inhibited
by a mechanism similar to the inhibition of BVDV by
VP32947 in which the fingertips are prevented from
moving (Di Marco et al., 2005). Thus, prevention of the
movement of the fingertip region in RdRps might be a
Figure 6. Comparison of the Structures of HCV and BVDV Polymer-
ases around the Potential VP32947 Binding Site at Phe224
The N-terminal domain and the fingers domain near Phe224 from
BVDV polymerase are shown in yellow and blue, respectively.
Phe224 is depicted as a ball-and-stick model. The corresponding
fingers domain from HCV polymerase is shown in gray.good antiviral strategy since only viral RdRps have a
fingertip region.
Experimental Procedures
Generation of cDNA Clones
The infectious BVDV full-length cDNA clone pCP7-5A has been de-
scribed previously (Becher et al., 2000). All nucleotide (nt) number-
ings included here refer to the infectious BVDV cDNA clone pCP7-
5A. For construction of cDNA, parts of the RdRp-coding genes
from the previously described BVDV mutant virus R12 (Gallei et al.,
2004) was amplified by RT-PCR with oligonucleotides OL-CP7-
11003 (50-GTAACTAGTAGAGATCTACGG-30, nt 11003–11023; sense
primer) and OL-CP7-12073R (50-GACAGCTGCCATAAGCAGA-30, nt
12073–12091; antisense primer). Total cellular RNA from MDBK cells
infected with R12 was used as a template. The product was cloned
into vector pDrive (Qiagen, Venlo, Netherlands), and the resulting
cDNA clone was confirmed by nucleotide sequencing. After diges-
tion with ClaI (11076) and NgoMIV (11489), the resulting cDNA frag-
ments were introduced into pCP7-5A precut with NgoMIV and ClaI.
The cDNA clone pCP7-R12 was used as a template for PCR with
the sense primer OL-AseI-RdRp-78 (50-AGCATTAATTTGGAAGAA
GAAGAAAAGAAACC-30) and antisense primer OL-RdRp-679R-
stop-XhoI (50-GCACTCGAGTCATTGAAGTTGTTCATAATGTTTCC-30).
The underlined sequences indicate the positions of AseI and XhoI
restriction sites included in the sense and antisense primers, respec-
tively. Accordingly, the PCR products contain an AseI site followed by
sequences encoding residues from 78 to 679 of the BVDV CP7-R12
RdRp. The residues 78 to 679 were chosen to facilitate crystallization
based on a previous study (Choi et al., 2004b). This sequence is di-
rectly followed by a stop codon (TGA) and an XhoI site. After digestion
with AseI and XhoI, the resulting fragments were cloned into the ex-
pression vector pET28a(+) (Novagen, Madison, WI) precut with NdeI
and XhoI. Finally, the cDNA clone was confirmed by nucleotide se-
quencing. The clones were transformed into BL21-CodonPlus RIL
competent cells (Stratagene) for protein expression.
Purification and Crystallization of BVDV Polymerase
The BVDV CP7-R12 polymerase was expressed with a hexahistidine
tag at its N terminus. The E. coli cells were grown at 37ºC until
the OD600 reached w0.7, induced with 1 mM IPTG, incubated at
18ºC, and grown for 16 hr. The His-tagged protein was purified on
Talon resin (Clontech) with 5–70 mM imidazole gradient in an extrac-
tion/wash buffer (Clontech) containing 0.3 M NaCl. The buffer used
for purifying the BVDV polymerase was exchanged to 20 mM Tris-
Cl (pH 7.0) and 2 mM DTT, and the protein was concentrated to
w7 mg/ml. Crystallization trials were conducted by the vapor diffu-
sion method with sitting drops in 96-well plates. Diffraction quality
crystals grew in 10% polyethylene glycol 8000, 0.1 M HEPES (pH
7.5), and 8% ethylene glycol within 2 weeks.
Data Collection and Structure Determination
Crystals were frozen in the nitrogen stream without additional cryo-
protectant. Native data were collected on a Raxis IV detector system
and at the MacCHESS A1 beamline (Cornell High Energy Synchro-
tron Source). Data were indexed and merged with the HKL2000 pro-
gram (Otwinowski and Minor, 1997). Diffraction extended to about
2.6 A˚ resolution. The crystals belong to the space group P31 with
a = 106.30, c = 55.54 A˚. A Matthew’s coefficient of 2.7 A˚3/Da (solvent
content of 54%) was consistent with one molecule per asymmetric
unit. The initial structure solution was obtained by molecular re-
placement as implemented in AMORE (Navaza, 1994; Rossmann,
1990) with the BVDV-NADL polymerase structure, excluding the N-
terminal domain (PDB accession code 1S48), as the search model.
The sequence identity between the CP7 and NADL strains is 90%.
The initial structure was improved by several cycles of manual re-
building with the program O (Jones et al., 1991) and refinement
with the program CNS (Bru¨nger et al., 1998).
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